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Lee V, Maguire J. Impact of inhibitory constraint of interneurons on neuronal excitability. J Neurophysiol 110: 2520 -2535 , 2013 . First published September 11, 2013 doi:10.1152 /jn.00047.2013 .-Tonic inhibition is thought to dampen the excitability of principal neurons; however, little is known about the role of tonic GABAergic inhibition in interneurons and the impact on principal neuron excitability. In many brain regions, tonic GABAergic inhibition is mediated by extrasynaptic, ␦-subunit-containing GABA A receptors (GABA A Rs).
In the present study we demonstrate the importance of GABA A R ␦-subunit-mediated tonic inhibition in interneurons. Selective elimination of the GABA A R ␦-subunit from interneurons was achieved by crossing a novel floxed Gabrd mouse model with GAD65-Cre mice (Gabrd/Gad mice). Deficits in GABA A R ␦-subunit expression in GAD65-positive neurons result in a decrease in tonic GABAergic inhibition and increased excitability of both molecular layer (ML) and stratum radiatum (SR) interneurons. Disinhibition of interneurons results in robust alterations in the neuronal excitability of principal neurons and decreased seizure susceptibility. Gabrd/Gad mice have enhanced tonic and phasic GABAergic inhibition in both CA1 pyramidal neurons and dentate gyrus granule cells (DGGCs). Consistent with alterations in hippocampal excitability, CA1 pyramidal neurons and DGGCs from Gabrd/Gad mice exhibit a shift in the input-output relationship toward decreased excitability compared with those from Cre Ϫ/Ϫ littermates. Furthermore, seizure susceptibility, in response to 20 mg/kg kainic acid, is significantly decreased in Gabrd/Gad mice compared with Cre Ϫ/Ϫ controls. These data demonstrate a critical role for GABA A R ␦-subunit-mediated tonic GABAergic inhibition of interneurons on principal neuronal excitability and seizure susceptibility. tonic inhibition; GABA; interneurons; seizure susceptibility; floxed Gabrd TONIC GABAERGIC INHIBITION is thought to play a major role in modulating the neuronal excitability of principal neurons. For example, tonic inhibition in dentate gyrus granule cells (DGGCs) is thought to decrease excitability of these neurons and even maintain the "dentate gate" (Coulter and Carlson 2007; Lothman et al. 1992) . Despite the essential role of tonic inhibition in principal neurons, little is known about the role of tonic GABAergic inhibition in interneurons. In the cortex, there is variability in the magnitude of tonic GABAergic inhibition in different interneuron subtypes and different cortical regions (Krook-Magnuson et al. 2008; Vardya et al. 2008) . Tonic GABAergic inhibition in interneurons in the barrel cortex has been shown to indirectly influence principal neurons by affecting feed-forward inhibition (Krook-Magnuson et al. 2008) . Interestingly, in the hippocampus it has been demonstrated that in the presence of intact GABA uptake, there is very little tonic inhibition in principal neurons . In contrast, tonic GABAergic inhibition has been shown to regulate both molecular layer (ML) (Glykys et al. 2008 ) and stratum radiatum (SR) (Song et al. 2011) interneurons. This tonic GABAergic regulation of interneurons has been implicated in both physiological functions, such as altering neuronal excitability (Song et al. 2011 ) and generating network oscillations (Glykys et al. 2008) , and pathological conditions, such as epileptogenesis (Peng et al. 2004; Yu et al. 2013) . These data suggest that tonic GABAergic inhibition may play an important role in the regulation of interneurons and may indirectly impact principal neuron function.
Tonic inhibition is mediated by extrasynaptic GABA A Rs with a specific subunit composition (Farrant and Nusser 2005) . Extrasynaptically localized ␦-subunit-containing receptors mediate tonic GABAergic inhibition in many brain regions, including the dentate gyrus (Stell and Mody 2002) . In contrast, in CA1 pyramidal neurons, tonic GABAergic inhibition is mediated by extrasynaptic ␣5-containing GABA A Rs (Caraiscos et al. 2004; Glykys et al. 2008; Glykys and Mody 2006) . Much less is known about the GABA A R subtypes mediating GABAergic inhibition in interneurons. It has been demonstrated that the tonic inhibition in interneurons in the barrel cortex is 4,5,6,7tetrahydroisoxazolo[5,4-c] pyridin-3-ol (THIP) sensitive, implicating GABA A R ␦-subunit-containing receptors (Krook-Magnuson et al. 2008) . However, other studies suggest that the tonic current in hippocampal interneurons is zolpidem sensitive ), suggesting that it is unlikely to be mediated by ␦-subunit-containing GABA A Rs ). In the present study we directly examine the role of the GABA A R ␦-subunit in the inhibitory control of GAD65-positive interneurons and the excitability of principal neurons in the hippocampus. Using a novel floxed Gabrd mouse model characterized in this study, we generated mice with the Gabrd gene knocked out specifically in GAD65-positive interneurons (Gabrd/Gad mice). These studies clearly demonstrate that loss of the GABA A R ␦-subunit in GAD65-positive interneurons results in a decrease in tonic GABAergic inhibition and increased excitability of ML interneurons in the dentate gyrus and SR interneurons in the CA1 subregion. Deficits in the tonic GABAergic control of interneurons result in increased GABAergic inhibition onto principal neurons and a dramatic decrease in excitability of both DGGCs and CA1 pyramidal neurons. Furthermore, seizure susceptibility is dramatically decreased in Gabrd/Gad mice in response to kainic acid-induced seizures. These data suggest a critical role for GABA A R ␦-subunit-mediated tonic GABAergic inhibition of interneurons in the modulation of principal neuronal excitability and seizure susceptibility.
MATERIALS AND METHODS

Animals
Adult (8 -12 wk old) Gabrd/Gad mice and Cre Ϫ/Ϫ littermates were used for all experiments. Mice were housed at the Tufts University School of Medicine, Division of Laboratory Animal Medicine, in clear plastic cages (5 mice/cage) in a temperature-and humiditycontrolled environment with a 12:12-h light-dark cycle (light on at 7:00 AM) and ad libitum access to food and water. Animals were handled according to protocols approved by the Tufts University Institutional Animal Care and Use Committee (IACUC).
Generation of Floxed Gabrd Mice
The floxed Gabrd mice were generated by GenOway (Paris, France). Based on bioinformatic analysis of Gabrd, conditional deletion of Gabrd exons 2 to 6b was chosen as the targeting strategy. Briefly, a 3.1-kb region comprising exons 2 to 6 was flanked by a Neo cassette (FRT site-PGK promoter-Neo cDNA-FRT site-LoxP site) and a distal loxP site to have access to the constitutive and/or conditional knockout lines by deleting exons 2 to 6b of the Gabrd gene. Exons 2 to 6b encode 204 amino acids in the NH 2 -terminal extracellular domain of the Gabrd protein. Deletion of exons 2 to 6b leads to a shift in the open reading frame and results in the translation of 63 new amino acids after exon 6b before a premature stop codon is reached. This insertion leaves a substantial number of splice events between the stop and the polyA, making the mRNA unstable and targeted for degradation by a nonsense-mediated decay mechanism. A schematic representation of the targeting strategy is depicted in Fig. 1A .
Positive selection of embryonic stem (ES) cells incorporating the targeting vector was accomplished by addition of 200 g/ml G418 (Life Technologies). A total of 460 resistant clones were isolated and genotyped by both PCR and Southern blot analysis. The targeted locus was confirmed by Southern blot analysis, and four clones were identified as correctly targeted at the Gabrd locus. These clones were then microinjected into C57BL/6 blastocysts and gave rise to male chimeras with a significant ES cell contribution as determined by an agouti coat color. Mice were bred to C57BL/6 mice expressing Flp recombinase to remove the Neo cassette (floxed Gabrd mice). Animals were then validated by BglII Southern blot analysis. The wildtype allele gives rise to a 12.3-kb signal, whereas the floxed Gabrd allele gives a 7.3-kb targeted Neo-excised signal (Fig. 1B) . The mice were then backcrossed onto a C57Bl/6 background for a minimum of 10 generations. Subsequent genotyping of the floxed Gabrd mice was carried out by Transnetyx (Cordova, TN) or in-house using the following primers: 5=-GACTCCAGTTGCCAAGCCTTTAATTCC-3= and 5=-CATCTGCCTGTACCTCCAATGCCTG-3=. Transnetyx designed probes to detect the wild-type sequence of the Gabrd gene and a separate probe to detect the unique sequence found in the floxed Gabrd allele, specifically the endogenous-floxed-FRT-neomycin cassette junction. The combined results provide zygosity of the sample. Examples of signals for the floxed Gabrd probe are shown in Fig. 1C . For in-house PCR, the expected PCR product size is 449 bp for wild-type mice and 543 bp for floxed Gabrd mice ( Fig. 1D ). Genotyping with the use of Transnetyx probes or in-house PCR was able to discriminate between wild-type mice and floxed Gabrd mice (Fig. 1 , C and D). floxed Gabrd mice were generated by GenOway using a targeting strategy designed to result in a conditional deletion of Gabrd exons (Ex) 2 to 6b. B: chimeras were identified by Southern blot analysis, where the wild-type allele gives rise to a 12.3-kb signal whereas that for the floxed Gabrd mice gives a 7.3-kb targeted Neo-excised signal. C: Transnetyx designed a probe to identify the unique sequence in the floxed allele. The probe signal demonstrates amplification in 5 independent floxed Gabrd samples (gray points) but not in 5 independent wild-type samples (black points). D: genotyping using in-house PCR demonstrates a 543-bp product in samples from 5 independent floxed Gabrd mice and a 449-bp product in 5 independent wildtype mice.
In this study, floxed Gabrd mice were crossed with GAD65-Cre mice obtained from Jackson Laboratory (stock no. 010802) to generate mice deficient in the Gabrd gene, specifically in GAD65-positive interneurons (Gabrd/Gad mice). GAD65-Cre mice were chosen because all interneurons in the hippocampus express both GAD65 and GAD67 (Fukuda et al. 1997) . Cre-mediated excision in interneurons was verified by both Western blot analysis and immunohistochemistry.
Immunohistochemistry
Immunohistochemistry was carried out as previously described (Maguire et al. 2009; Sarkar et al. 2011) . Mice were anesthetized with isoflurane and killed by decapitation, and the brain was rapidly removed and fixed by immersion fixation in 4% paraformaldehyde overnight at 4°C. The brains were cryoprotected in 10 -30% sucrose and frozen at Ϫ80°C, and 40-m sections were prepared using a Leica cryostat. Brains from Cre Ϫ/Ϫ and Gabrd/Gad littermates were stained and processed in parallel. The sections were incubated with a monoclonal antibody against GAD67 (1:1,000; Millipore) or parvalbumin (1:1,000; Sigma), followed by anti-mouse Alexa 488 (1:200; Invitrogen). Images were collected on a Nikon A1R confocal microscope. For the GABA A R ␦-subunit staining, the sections were treated with 3% H 2 O 2 -MeOH for 30 min, blocked with 10% normal goat serum for 1 h, and probed with a polyclonal antibody specific for the GABA A R ␦-subunit (1:250; Millipore AB9752) and a horseradish peroxidaselabeled anti-rabbit IgG secondary antibody (Elite ABC kit; Vector Laboratories). Diaminobenzidene reactivity was visualized by light microscopy, and cells were counted in a region of interest throughout matched, serial sections in each animal. Fluorescence microscopy was used to quantify the number of GAD67-and parvalbumin-positive neurons in the region of interest using ImageJ software.
Electrophysiology
Adult (8 -12 wk old) mice were anesthetized with isoflurane and decapitated, and the brain was rapidly removed and placed immediately in ice-cold, oxygenated normal artificial cerebrospinal fluid [nACSF; containing (in mM) 126 NaCl, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 2.5 KCl, 2 CaCl 2 , 2 MgCl 2 , and 10 dextrose (300 -310 mosM)] containing 3 mM kynurenic acid and bubbled with 95% O 2 -5% CO 2 . Coronal hippocampal slices (350 m thick) were prepared using a Leica VT1000S vibratome. For voltage-clamp recordings, the slices were maintained in oxygenated nACSF containing 3 mM kynurenic acid. For current-clamp recordings, the slices were maintained in oxygenated nACSF. Hippocampal slices were placed into a recording chamber maintained at 33°C (in-line heater; Warner Instruments) and perfused at a high flow rate (ϳ6 ml/min) throughout the experiment. SR95531 (Ն200 M) was added to the extracellular solution where indicated.
Voltage-clamp recordings. For voltage-clamp recordings, the intracellular recording solution contained (in mM) 140 CsCl, 1 MgCl 2 , 10 HEPES, 4 NaCl, 0.1 EGTA, 2 Mg-ATP, and 0.3 Na-GTP (pH ϭ 7.25, 280 -290 mosM). Electrodes were used with DC resistance of 5-8 M⍀. Spontaneous inhibitory postsynaptic currents (sIPSCs) at a holding potential of Ϫ70 mV were recorded in DGGCs, CA1 pyramidal cells, ML interneurons, and SR interneurons. The frequency, peak amplitude, and weighted decay ( w ) of sIPSCs were measured using MiniAnalysis software. Bursts of sIPSCs were not included in the analysis of the frequency and peak amplitude of sIPSCs because the increased incidence of these bursts in Gabrd/Gad mice would bias the data. Instead, bursts of sIPSCs were analyzed separately using the burst analysis function in the MiniAnalysis program, setting the criteria for a minimum of 4 events within a 75-ms time window. The interevent interval was calculated using the MiniAnalysis interevent interval function. Miniature IPSCs (mIPSCs) were measured in the same manner as sIPSCs in the presence of 1 M tetrodotoxin (TTX). Tonic GABAergic currents were measured as previously described (Maguire et al. 2005 (Maguire et al. , 2009 Maguire and Mody 2007; Sarkar et al. 2011; Stell et al. 2003) in visually identified DGGCs and CA1 pyramidal cells. The mean current was measured during 10-ms epochs collected every 100 ms throughout the experiment. A Gaussian was fit to these points to determine the mean holding current in nACSF and in the presence of a concentration of SR95531 demonstrated to block both phasic and tonic GABAergic inhibition (Ն200 M) (Stell and Mody 2002) . The difference in the holding current in the presence or absence of SR95531 is determined as a measure of tonic GABAergic inhibition. Series resistance and whole cell capacitance were continually monitored and compensated throughout the course of the experiment. Recordings were eliminated from data analysis if series resistance increased by Ͼ20%.
Current-clamp recordings. The number of action potentials generated in response to a series of 500-ms current injections from 20 to 300 pA in 20-pA steps was measured in DGGCs and CA1 pyramidal cells in the current-clamp configuration using an intracellular recording solution containing (in mM) 130 K-gluconate, 10 KCl, 4 NaCl, 10 HEPES, 0.1 EGTA, 2 Mg-ATP, and 0.3 Na-GTP (pH ϭ 7.25, 280 -290 mosM). The firing rate of ML and SR interneurons was measured in response to a 1-s, 100-pA step pulse. Bicuculline (25 M) was added where indicated. Series resistance and whole cell capacitance were continually monitored and compensated throughout the course of the experiment. Recordings were eliminated from data analysis if series resistance increased by Ͼ20%. Input resistance was calculated using Ohm's law in response to a Ϫ100-pA current injection. Input-output curves were fit with a Boltzmann equation:
Max is the maximum response, k is a slope factor, and I 50 is the current injection amplitude that elicits 50% of MAX. In this set of experiments, the Max value was determined as the number of spikes fired in wild-type mice in response to a 300-pA current injection to prevent adverse effects of a larger current injection on cell viability.
For all electrophysiology experiments, data acquisition was carried out using an Axopatch 200B (Axon Instruments) and PowerLab hardware and software (ADInstruments). Data analysis was performed using either LabChart Pro (ADInstruments) or MiniAnalysis software (Synaptosoft).
Electroencephalogram Recording
Gabrd/Gad mice and Cre Ϫ/Ϫ littermates were anesthetized with 100 mg/kg ketamine and 10 mg/kg xylazine according to a protocol approved by the Tufts University IACUC. A lengthwise incision was made along the scalp, and a prefabricated headmount (part no. 8201; Pinnacle Technology) was fixed to the skull with four screws and dental cement. Two screws were placed in each hemisphere anterior to bregma, and two screws were placed in each hemisphere posterior to bregma. These screws act as differential recording leads for the electroencephalogram (EEG) recordings. The animals were allowed to recover for 5-7 days before experimentation. EEG recordings were collected using a 100ϫ gain preamplifier high-pass filtered at 1.0 Hz (part no. 8202-SE; Pinnacle Technology) and tethered turnkey system (part no. 8200; Pinnacle Technology) for 2 h following an intraperitoneal injection with 20 mg/kg kainic acid (KA; Sigma). Epileptiform activity was measured as previously described (Klaassen et al. 2006; Maguire and Mody 2007; Maguire et al. 2005) . Seizure events were defined as the sudden onset of high-amplitude activity, at least 2.5 times the standard deviation of the baseline, lasting longer than 5 s in duration. Seizure activity was also identified by consistent changes in the power of the fast-Fourier transform of the EEG, including a change in the power and the frequency of activity over the course of the event. Abnormal periods of EEG activity that cannot be defined as a seizure, including periods of rhythmic spiking lasting longer than 30 s, along with ictal events were defined as "epileptiform activity." These criteria used for the measurement of epileptiform activity are similar to those used by other experts in the field (Castro et al. 2012) . Seizure latency was defined as the time elapsed from the injection of KA to the start of the first electrographic seizure. The fraction of total time exhibiting epileptiform activity (%epileptiform activity) was calculated as the cumulative time of all epileptiform activity during a 120-min recording period divided by 120 min. The durations of individual electrographic events were measured from the start of the repetitive EEG pattern until return to baseline. The average time of these events observed over 120 min was calculated to obtain the average duration of epileptiform activity. LabChart Pro software (ADInstruments) was used for data acquisition and analysis.
Statistical Analyses
The majority of experiments involve comparison between two experimental groups (homozygous Gabrd/Gad mice and Cre Ϫ/Ϫ littermates). In these cases, statistical significance was determined using a Student's t-test. A repeated-measures ANOVA was used to compare the input-output values, and a one-way ANOVA was used to compare the I 50 values. The seizure susceptibility experiments involve comparison of EEG recordings between three experimental groups (heterozygous Gabrd/Gad mice, homozygous Gabrd/Gad mice, and Cre Ϫ/Ϫ littermates). For these experiments, statistical significance was determined using a one-way ANOVA. All statistical tests were performed using Prism software (GraphPad). A P value Ͻ0.05 was considered statistically significant.
RESULTS
Characterization of Gabrd/Gad Mice
The loss of GABA A R ␦-subunit expression in interneurons in the molecular layer of the dentate gyrus and the stratum radiatum in the CA1 subregion of the hippocampus in Gabrd/ Gad mice was verified using immunohistochemistry. We observed a decrease in the number of neurons expressing the GABA A R ␦-subunit in the molecular layer of the dentate gyrus in Because GABAergic inhibition has been implicated in the development of interneurons (Sauer and Bartos 2010), we wanted to rule out the possibility of developmental defects in interneuron development in Gabrd/Gad mice. We did not observe any change in the number and/or distribution of GAD65-positive or parvalbumin-positive neurons in Gabrd/ Gad mice compared with Cre Ϫ/Ϫ littermates. Representative sections demonstrate a similar distribution of GAD67-positive ( Fig. 3A, top) and parvalbumin-positive interneurons (Fig. 3A , bottom) throughout the subregions of the hippocampus. The number of GAD67-positive neurons in the dentate gyrus granule cell layer (7.4 Ϯ 0.9/section), CA1 stratum oriens (24.0 Ϯ 1.5/section), CA1 stratum radiatum (32.6 Ϯ 2.2/section), and the dentate gyrus molecular layer (19.5 Ϯ 0.9/section) was similar in Gabrd/Gad mice compared with Cre Ϫ/Ϫ littermates (dentate gyrus granule cell layer: 7.0 Ϯ 0.5/section; CA1 stratum oriens: 18.2 Ϯ 2.9/section; stratum radiatum: 33.6 Ϯ 3.6/section; and dentate gyrus molecular layer: 17.8 Ϯ 1.5/ section; Fig. 3B ). Similarly, the number of parvalbumin-positive interneurons was also similar in Gabrd/Gad mice (dentate gyrus granule cell layer: 4.8 Ϯ 0.3/section; CA1 stratum oriens: 19.3 Ϯ 0.9/section; stratum radiatum: 23.3 Ϯ 1.4/ section; and dentate gyrus molecular layer: 3.0 Ϯ 0.5/section) compared with Cre Ϫ/Ϫ littermates (dentate gyrus granule cell layer: 6.8 Ϯ 1.9/section; CA1 stratum oriens: 18.8 Ϯ 3.0/ section; stratum radiatum: 22.4 Ϯ 1.6/section; and dentate gyrus molecular layer: 3.9 Ϯ 0.5/section; Fig. 3C ). These data suggest that the loss of tonic inhibition does not interfere with the development and/or migration of interneurons.
To determine the functional impact of the loss of the GABA A R ␦-subunit in interneurons on GABAergic inhibition, we measured tonic GABAergic currents in ML and SR interneurons in Gabrd/Gad mice and Cre Ϫ/Ϫ littermates. Tonic GABAergic currents were significantly decreased in ML interneurons from Gabrd/Gad mice (3.5 Ϯ 1.3 pA) compared with Cre Ϫ/Ϫ littermates (13.3 Ϯ 1.9 pA; Fig. 4 , A and B; n ϭ 3-4 mice, 12-13 cells per experimental group). To examine the impact of the loss of the GABA A R ␦-subunit on the excitability of interneurons in the hippocampus, we measured the firing rate of ML interneurons in Gabrd/Gad mice and Cre Ϫ/Ϫ littermates. There was no spontaneous firing of ML interneurons in Gabrd/Gad mice (0.0 Ϯ 0.0 Hz) or Cre Ϫ/Ϫ littermates (0.0 Ϯ 0.0 Hz; n ϭ 3 mice, 14 -15 cells per experimental group). Therefore, we compared the firing rate of ML interneurons in response to a single 1-s, 100-pA current injection, which was significantly increased in Gabrd/Gad mice (32.0 Ϯ 3.3 Hz) compared with Cre Ϫ/Ϫ littermates (15.7 Ϯ 2.1 Hz; Fig. 4 , C and D; n ϭ 3 mice, 12-15 cells per experimental group). No difference in the resting membrane potential or input resistance was observed between Gabrd/Gad mice (resting membrane potential, RMP: Ϫ76.6 Ϯ 0.8 mV; input resistance, R i : 377.7 Ϯ 30.9 M⍀) and Cre Ϫ/Ϫ littermates (RMP: Ϫ77.8 Ϯ 2.5 mV; R i : 321.2 Ϯ 29.8 M⍀; Fig. 4D , inset), which is similar to values reported in previous studies (Chittajallu et al. 2007; Glykys et al. 2008 ) and similar to the findings in global Gabrd Ϫ/Ϫ mice (Glykys et al. 2008 ). Similarly, there was a significant decrease in the tonic current measured in SR interneurons from Gabrd/Gad mice (3.7 Ϯ 1.2 pA) compared with those from Cre Ϫ/Ϫ littermates (23.2 Ϯ 6.1 pA; Fig. 5, A and B; n ϭ 3 mice, 11 cells per experimental group). The spontaneous firing rate of SR interneurons is increased in Gabrd/Gad mice (12.2 Ϯ 3.0 Hz) compared with Cre Ϫ/Ϫ littermates (4.0 Ϯ 1.7 Hz; n ϭ 3 mice, 19 -20 cells per experimental group). In response to a 1-s, 100-pA current injection, the firing rate of SR interneurons from Gabrd/Gad mice was increased (99.7 Ϯ 11.2 Hz) compared with that of SR interneurons from Cre Ϫ/Ϫ littermates (59.5 Ϯ 10.6 Hz; Fig. 5 , C and D; n ϭ 3 mice, 19 -21 cells per experimental group). However, there was no difference in resting membrane potential or input resistance between Gabrd/Gad mice (RMP: Ϫ54.8 Ϯ 1.9 mV; R i : 223.3 Ϯ 18.1 M⍀) and Cre Ϫ/Ϫ littermates (RMP: Ϫ52.5 Ϯ 3.1 mV; R i : 199.6 Ϯ 12.8 M⍀; Fig. 5D , inset). These data demonstrate that loss of the GABA A R ␦-subunit results in deficits in tonic GABAergic control and increased excitability of both ML and SR interneurons. The following experiments investigate the impact of disinhibition of interneurons on the GABAergic control and excitability of principal neurons in the hippocampus.
Altered GABAergic Inhibition to Principal Neurons in Gabrd/Gad Mice
To determine the impact of tonic GABAergic inhibition of interneurons on the GABAergic control of principal neurons, we measured both tonic and phasic GABAergic inhibition in DGGCs and CA1 pyramidal neurons from Gabrd/Gad mice and Cre Ϫ/Ϫ littermates. The frequency of sIPSCs was increased in DGGCs (3.7 Ϯ 0.3 Hz) and CA1 pyramidal neurons (13.4 Ϯ 1.1 Hz) from Gabrd/Gad mice compared with those from Cre Ϫ/Ϫ littermates (DGGCs: 2.8 Ϯ 0.3 pA; CA1: 8.9 Ϯ 1.5 pA; Fig. 6, A, B , D, and E; n ϭ 4 -5 mice, 11-14 cells per experimental group). In addition, the peak amplitude of sIPSCs is increased in both DGGCs (56.3 Ϯ 3.8 pA) and CA1 pyramidal cells (67.1 Ϯ 5.3 pA) from Gabrd/Gad mice compared with those from Cre Ϫ/Ϫ littermates (DGGCs: 43.9 Ϯ 1.5 pA; CA1: 51.2 Ϯ 1.8 pA; Fig. 6 , A, C, D, and F; n ϭ 4 -5 mice, 11-14 cells per experimental group). However, no difference in the decay time of sIPSCs ( w ) was observed between Gabrd/Gad mice (DGGCs: 6.3 Ϯ 0.8 ms; CA1: 6.7 Ϯ 0.3 ms) and Cre Ϫ/Ϫ littermates (DGGCs: 5.3 Ϯ 0.6 ms; CA1: 7.4 Ϯ 0.4 ms). Interestingly, there was also an increase in the percentage of DGGCs (56.5 Ϯ 10.8%) and CA1 pyramidal cells (87.5 Ϯ 8.8%) from Gabrd/Gad mice exhibiting bursts of IPSCs compared with those from Cre Ϫ/Ϫ littermate (DGGCs: 14.3 Ϯ 10.1%; CA1: 23.1 Ϯ 12.7%; Fig. 7, A, B , E, and F; n ϭ 4 -5 mice, 13-23 cells per experimental group). Consistent with the increase in bursts of sIPSCs in Gabrd/Gad mice, there was a decrease in the average interevent interval of sIPSCs when the bursts were included in the analysis in both DGGCs (287.1 Ϯ 23.6 ms) and CA1 pyramidal cells (85.1 Ϯ 7.0 ms) from Gabrd/Gad mice compared with those from Cre Ϫ/Ϫ littermates (DGGCs: 433.5 Ϯ 57.4 ms; CA1: 173.9 Ϯ 32.3 ms; Fig. 7, C  and G) . Similarly, in neurons that exhibited bursts of sIPSCs, the frequency of bursts was increased in both DGGCs (0.08 Ϯ 0.01 Hz) and CA1 pyramidal neurons (1.10 Ϯ 0.14 Hz) from Gabrd/Gad mice compared with those from Cre Ϫ/Ϫ littermates (DGGCs: 0.05 Ϯ 0.01 Hz; CA1: 0.45 Ϯ 0.12 Hz; Fig. 7 , D and H; n ϭ 4 -5 mice, 13-23 cells per experimental group). It is important to note that all bursts of sIPSCs were blocked by addition of SR95531. These data demonstrate an increase in phasic GABAergic currents onto principal hippocampal neurons in Gabrd/Gad mice.
To determine if the increase in the amplitude and frequency of sIPSCs on principal neurons in Gabrd/Gad mice is action potential dependent, we analyzed mIPSCs in Gabrd/Gad mice and Cre Ϫ/Ϫ littermates. The frequency of mIPSCs was not significantly different in Gabrd/Gad mice (CA1: 4.9 Ϯ 0.8 Hz; DGGCs: 1.4 Ϯ 0.3 Hz) compared with Cre Ϫ/Ϫ littermates (CA1: 4.8 Ϯ 0.8 Hz; DGGCs: 1.9 Ϯ 0.5 Hz; Fig. 8, B and E; n ϭ 3-4 mice, 14 -18 cells per experimental group). In addition, the peak amplitude of mIPSCs was not significantly different between Gabrd/Gad mice (CA1: 37.9 Ϯ 3.5 pA; DGGCs: 30.9 Ϯ 3.2 pA) and Cre Ϫ/Ϫ littermates (CA1: 31.5 Ϯ 3.9 pA; DGGCs: 31.9 Ϯ 5.1 pA; Fig. 8 , C and F; n ϭ 3-4 mice, 14 -18 cells per experimental group). The frequency of bursts of mIPSCs observed in Gabrd/Gad mice (CA1: 0.09 Ϯ 0.03 Hz; DGGCs: 0.02 Ϯ 0.01 Hz) and Cre Ϫ/Ϫ littermates (CA1: 0.09 Ϯ 0.04 Hz; DGGCs: 0.02 Ϯ 0.01 Hz) was much lower than the frequency of bursts of sIPSCs in Gabrd/Gad mice (CA1: 1.1 Ϯ 0.1 Hz; DGGCs: 0.08 Ϯ 0.01 Hz) and Cre Ϫ/Ϫ littermates (CA1: 0.5 Ϯ 0.1 Hz; DGGCs: 0.05 Ϯ 0.01 Hz). Furthermore, there was no difference in the frequency of mIPSC bursts in Gabrd/Gad mice (CA1: 0.09 Ϯ 0.03 Hz; DGGCs: 0.02 Ϯ 0.01 Hz) and Cre Ϫ/Ϫ littermates (CA1: 0.09 Ϯ 0.04 Hz; DGGCs: 0.02 Ϯ 0.01 Hz). Consistent with the similar frequency of mIPSCs, there was no difference in the average interevent interval of mIPSCs in both DGGCs (1,199.5 Ϯ 149.1 ms) and CA1 pyramidal cells (356.5 Ϯ 91.3 ms) from Gabrd/Gad mice compared with those from Cre Ϫ/Ϫ littermates (DGGCs: 1,041.4 Ϯ 156.9 ms; CA1: 420.6 Ϯ 143.9 ms; n ϭ 3-4 mice, 14 -18 cells per experimental group). These data suggest that the increased phasic GABAergic currents onto principal hippocampal neurons was due to a presynaptic mechanism involving disinhibition of interneurons resulting from the loss of tonic inhibition in Gabrd/Gad mice.
In addition, there was an increase in tonic GABAergic currents recorded in CA1 pyramidal cells (26.5 Ϯ 6.7 pA) from Gabrd/Gad mice compared with cells from Cre Ϫ/Ϫ littermates (8.7 Ϯ 2.4 pA; Fig. 9, A and B ; n ϭ 4 -5 mice, 13-14 cells per experimental group). However, there was no difference in tonic GABAergic currents recorded in DGGCs from Gabrd/Gad mice (5.6 Ϯ 0.7 pA) compared with those from Cre Ϫ/Ϫ littermates (5.5 Ϯ 1.2 pA; Fig. 9 , C and D; n ϭ 4 -5 mice, 14 -22 cells per experimental group) in the absence of exogenous GABA or GABA uptake blockers. The different effects on tonic inhibition in DGGCs and CA1 pyramidal neurons may be due to differences in GABA uptake in these hippocampal subregions (Frahm and Draguhn 2001) . In any case, these data demonstrate a significant increase in GABAergic currents onto principal neurons in the hippocampus of Gabrd/Gad mice.
Decreased Excitability of Principal Neurons in Gabrd/Gad Mice
To determine the impact of the increased inhibition of principal neurons on neuronal excitability in Gabrd/Gad mice, the firing rate of DGGCs and CA1 pyramidal neurons was measured in response to current injection steps from 20 to 300 pA (see MATERIALS AND METHODS). The average number of action potentials fired in CA1 pyramidal neurons in response to current steps was significantly decreased in Gabrd/Gad mice at all current injections above 40 pA compared with that in Cre Ϫ/Ϫ littermates (Fig. 10, A and B ; Table 1 ; n ϭ 4 -5 mice, 12 cells per experimental group). In Table 1 , the average number of spikes at level of current injection is given for Gabrd/Gad mice and Cre Ϫ/Ϫ littermates. At the highest current injection (300 pA), the average number of action potentials fired in CA1 pyramidal neurons from Gabrd/Gad mice was 12.2 Ϯ 1.7 compared with 21.3 Ϯ 1.1 in Cre Ϫ/Ϫ littermates ( Fig. 10B; Table 1 ), highlighting the decreased excitability of CA1 pyramidal neurons in Gabrd/Gad mice. Similarly, neuronal excitability of DGGCs is decreased in Gabrd/Gad mice compared with Cre Ϫ/Ϫ littermates. The average number of action potentials fired in DGGCs was significantly decreased in Gabrd/Gad mice at all current injections above 60 pA compared with that in Cre Ϫ/Ϫ littermates (Fig. 10 , D and E; Table  1 ; n ϭ 5 mice, 12-13 cells per experimental group). The average number of spikes at each current injection step is given for Gabrd/Gad mice and Cre Ϫ/Ϫ littermates in Table 1 . At the highest current injection (300 pA), the average number of action potentials fired in DGGCs from Gabrd/Gad mice was 14.3 Ϯ 1.1 compared with 22.4 Ϯ 1.3 in Cre Ϫ/Ϫ littermates ( Fig. 10E; Table 1 ), highlighting the decreased excitability of DGGCs in Gabrd/Gad mice. However, there was no difference in resting membrane potential between Gabrd/Gad mice (DGGCs:
Ϫ78.3 Ϯ 0.7 mV; CA1: Ϫ61.8 Ϯ 1.1 mV) and Cre Ϫ/Ϫ littermates (DGGCs: Ϫ78.0 Ϯ 1.9 mV; CA1: Ϫ63.3 Ϯ 1.4 mV; Fig. 10, B and E, insets) . In addition, there was no difference in the input resistance of principal neurons between The average input-output data were fit with a Boltzmann function and the half-maximal current amplitude (I 50 ) calculated (see MATERIALS AND METHODS). The I 50 in CA1 pyramidal neurons is increased in Gabrd/Gad mice (247.2 pA) compared with that in Cre Ϫ/Ϫ littermates (140.1 pA; Fig. 10C ; Table 1 ; Fig. 10F ; Table 1 ; n ϭ 5 mice, 12-13 cells per experimental group). These data demonstrate a robust decrease in the neuronal excitability of principal neurons in the hippocampus of Gabrd/ Gad mice compared with Cre Ϫ/Ϫ littermates.
To determine whether the decreased neuronal excitability of both CA1 pyramidal cells and DGGCs was due to the increase in GABAergic inhibition onto these neurons (Figs. 6, 7, and 9) , we analyzed the excitability of these neurons in the presence of the GABA antagonist bicuculline. In the presence of bicuculline (25 M), we did not observe a significant difference in the number of action potentials fired in response to current injection steps from 20 to 300 pA. The average number of action potentials fired in CA1 pyramidal neurons in response to current steps was not significantly different in Gabrd/Gad mice compared with Cre Ϫ/Ϫ littermates in the presence of bicuculline (Table 1 ; n ϭ 3 mice, 20 cells per experimental group). The average number of spikes in the presence of bicuculline at each level of current injection is given for Gabrd/Gad mice and Cre Ϫ/Ϫ littermates in Table 1 . At the highest current injection (300 pA), the average number of action potentials fired in CA1 pyramidal neurons from Gabrd/Gad mice was 22.1 Ϯ 3.0 compared with 22.3 Ϯ 1.6 in Cre Ϫ/Ϫ littermates. The I 50 in CA1 pyramidal neurons in the presence of bicuculline was not significantly different in Gabrd/Gad mice (137.1 pA) com-pared with that in Cre Ϫ/Ϫ littermates (118.6 pA; Fig. 10C ; Table 1 ; n ϭ 3 mice, 20 cells per experimental group). Similarly, neuronal excitability of DGGCs was not significantly different in Gabrd/Gad mice compared with Cre Ϫ/Ϫ littermates in the presence of bicuculline. The average number of action potentials fired in DGGCs was similar in Gabrd/Gad mice and Cre Ϫ/Ϫ littermates in the presence of bicuculline (Table 1 ; n ϭ 3 mice, 20 cells per experimental group). The average number of spikes in DGGCs in the presence of bicuculline at each current injection step is given for Gabrd/ Gad mice and Cre Ϫ/Ϫ littermates in Table 1 . At the highest current injection (300 pA), the average number of action potentials fired in DGGCs in the presence of bicuculline from Gabrd/Gad mice was 22.9 Ϯ 1.0 compared with 24.1 Ϯ 1.5 in Cre Ϫ/Ϫ littermates. The I 50 in DGGCs in the presence of bicuculline was not significantly different between Gabrd/Gad mice (159.4 pA) and Cre Ϫ/Ϫ littermates (162.1 pA) in the presence of bicuculline ( Fig. 10F ; Table 1 ; n ϭ 3 mice, 20 cells per experimental group). In addition, there was no difference in resting membrane potential between Gabrd/Gad mice in the presence of bicuculline (DGGCs: Ϫ77.9 Ϯ 2.2 mV; CA1: Ϫ63.3 Ϯ 1.3 mV) and Cre Ϫ/Ϫ littermates (DGGCs: Ϫ76.7 Ϯ 1.4 mV; CA1: Ϫ60.2 Ϯ 1.6 mV). These data demonstrate that the robust decrease in the neuronal excitability of principal neurons in the hippocampus of Gabrd/Gad mice is due to GABAergic inhibition. 
Decreased Seizure Susceptibility in Gabrd/Gad Mice
To determine the impact of the loss of GABA A R ␦-subunitmediated inhibition in interneurons on seizure susceptibility, we performed EEG recordings in Gabrd/Gad mice and Cre Ϫ/Ϫ littermates to measure electrographic epileptiform activity in response to 20 mg/kg ip kainic acid administration. The behavioral manifestations and the electrographic seizures were similar between experimental groups. However, seizure susceptibility was decreased in Gabrd/Gad mice compared with Cre Ϫ/Ϫ littermates. Representative traces of epileptiform activity in control (Cre Ϫ/Ϫ littermates), heterozygous, and homozygous Gabrd/Gad mice demonstrate decreased epileptiform activity in both heterozygous and homozygous Gabrd/Gad mice (Fig. 11A ). Representative power spectral analysis from control (Cre Ϫ/Ϫ ), heterozygous, and homozygous Gabrd/Gad mice demonstrate the decreased epileptiform activity over the 120-min recording period in both heterozygous and homozygous Gabrd/Gad mice (Fig. 11B) . The average duration of epileptiform activity is significantly decreased in both heterozygous Gabrd/Gad mice (124.0 Ϯ 34.9 s) and homozygous Gabrd/Gad mice (122.8 Ϯ 38.8 s) compared with that in Cre Ϫ/Ϫ littermates (506.8 Ϯ 87.6 s; Fig. 11 , A-C; n ϭ 9 -12 mice per experimental group). The most striking difference is the significant decrease in the percent time exhibiting electrographic epileptiform activity during the 2-h recording session following kainic acid administration in heterozygous Gabrd/ Gad mice (26.2 Ϯ 9.1%) and homozygous Gabrd/Gad mice (25.8 Ϯ 8.8%) compared with that in Cre Ϫ/Ϫ littermates (68.1 Ϯ 5.2%; Fig. 11, B and D; n ϭ 9 -12 mice per experimental group). These data clearly demonstrate that disinhibition of interneurons significantly decreases seizures susceptibility. Furthermore, the similarity in seizure susceptibility in heterozygous and homozygous Gabrd/Gad mice suggests that a moderate reduction in the expression of the GABA A R ␦-subunit in interneurons may be sufficient to disinhibit interneurons and increase inhibition onto principal neurons.
DISCUSSION
This study demonstrates the importance of GABA A R ␦-subunit-mediated tonic inhibition in interneurons and the critical role in regulating the excitability of principal neurons. Here we clearly demonstrate that ML and SR interneurons are regulated by GABA A R ␦-subunit-mediated tonic inhibition (Figs. 4 and 5) and that loss of GABA A R ␦-subunit-mediated tonic inhibition in Gabrd/Gad mice results in increased excitability of ML and SR interneurons (Figs. 4 and 5 ). Although these are heterogeneous populations of interneurons, we observed a decreased in GABA A R ␦-subunit-mediated tonic GABAergic currents in both ML and SR interneurons. Given that we observed an equivalent number and distribution of interneurons in the ML and SR, we think it is unlikely that there was any selection bias in the recordings. Altering the inhibitory control of interneurons increased the phasic and tonic GABAergic inhibition of principal hippocampal neurons (Figs. 6, 7, and 9 ).
Furthermore, there was a robust decrease in the excitability of both CA1 pyramidal neurons and DGGCs (Fig. 10) and decreased seizure susceptibility (Fig. 11) in Gabrd/Gad mice. Our data demonstrate that altering the inhibitory control of interneurons has a robust effect on principal neuron excitability and seizure susceptibility.
The data presented in this article demonstrate a decreased susceptibility to kainic acid-induced seizures in both heterozy- gous and homozygous Gabrd/Gad mice compared with Cre Ϫ/Ϫ littermates (Fig. 11 ). Susceptibility to kainic acid-induced seizures is decreased to a comparable amount in heterozygous and homozygous Gabrd/Gad mice, suggesting that deficits in tonic GABAergic inhibition of interneurons in heterozygous mice are sufficient to alter neuronal excitability and seizure susceptibility. Although our data demonstrate an increase in GABAergic signaling and decreased excitability of principal hippocampal neurons in Gabrd/Gad mice, it is possible that the loss of the GABA A R ␦-subunit in interneurons in other brain regions may also impact neuronal excitability and seizure susceptibility. Furthermore, these data provide evidence for acute seizure protection against kainic acid-induced seizures, but the role of tonic inhibition in interneurons on the epileptogenic process remains unclear. Previous studies have demonstrated alterations in the expression of GABA A R ␦-subunit expression in both principal neurons and interneurons in the hippocampus in the pilocarpine model of epilepsy (Peng et al. 2004 ). These changes may be part of the epileptogenic process or may be compensatory changes to combat the development of epilepsy. The use of the Gabrd/Gad mice described in this study will be an invaluable resource to evaluate the impact of changes in GABA A R ␦-subunit expression in interneurons on epileptogenesis.
Global Gabrd knockout mice have increased susceptibility to pentylenetetrazole (PTZ)-induced seizures (Spigelman et al. 2002) . The fact that there is a modest increase in seizure susceptibility in the global Gabrd knockout mice suggests that the GABA A R ␦-subunit-mediated inhibition in principal neurons outweighs that of the interneurons. However, the fact that global Gabrd mice do not exhibit spontaneous seizures may be due to the role of tonic GABAergic inhibition mediated by these receptors on interneurons. Consistent with this hypothesis, two separate mutations in Gabrd have been associated with generalized epilepsy with febrile seizures plus (GEFSϩ; Dibbens et al. 2004 ; for review see Macdonald et al. 2010 ). These results are in contrast to the decreased seizure susceptibility observed when the Gabrd gene is selectively knocked out in GAD65-positive interneurons (Fig. 11) . These data suggest that the loss of the GABA A R ␦-subunit in principal neurons cannot be offset by the decreased excitability due to the loss of the GABA A R ␦-subunit in interneurons.
Although the impact on principal neurons outweighs the effects on interneurons, these results have significant implications for targeting these receptor subtypes for therapeutics. There has been a great deal of enthusiasm for targeting extrasynaptic GABA A Rs for the treatment of numerous disorders, including alcohol/substance abuse, sleep disorders, memory/ cognitive impairments, anxiety, depression, and epilepsy (for review see Brickley and Mody 2012) . When the therapeutic potential of targeting extrasynaptic GABA A Rs is considered, the focus is typically on the effects on principal neurons. The data presented in this article suggest that targeting extrasynaptic GABA A Rs for treatment may not be as straightforward as initially thought. The presence of a GABA A R ␦-subunit-mediated tonic current in interneurons (Figs. 4 and 5) and the robust impact on principal neurons (Figs. 6, 7, 9, and 10) would influence the intended effects on principal neurons. Despite the actions on both principal neurons and interneurons, targeting extrasynaptic GABA A R ␦-subunit-containing receptors has been shown to have anxiolytic (Liang et al. 2004 ), antidepressant, and anticonvulsant actions (Liang et al. 2004 ; for review see Reddy 2010) . Functionally, tonic GABAergic inhibition has been described as having a straightforward role involving "a persistent increase in the cell's input conductance" resulting in decreased likelihood of firing an action potential (for review see Farrant and Kaila 2007; Farrant and Nusser 2005) . Despite this seemingly straightforward role, tonic inhibition has effects on many different cell types in many different brain regions, making its functions much more complex (for review see Farrant and Nusser 2005) . In principal neurons, the persistent current generated by extrasynaptic GABA A Rs has been proposed to decrease the membrane resistance, which not only shifts the offset of the input-output relationship but also changes the gain (slope) (Mitchell and Silver 2003) . When this theory is applied to the role of tonic currents in interneurons, the loss of tonic GABAergic inhibition will shift the offset toward increased excitability and also increase the gain of the input-output relationship. These changes would markedly increase the excitability of interneurons, which would have the converse effect on principal neurons, increasing tonic currents on the principal neurons and thereby shifting the offset toward decreased excitability and decreasing the gain. Thus it is important to bear in mind the impact of tonic inhibition on different subtypes of neurons. Furthermore, the impact of tonic GABAergic inhibition may be dependent on membrane potential, having a greater effect on neuronal excitability at more depolarized potentials, which has been demonstrated for CA1 pyramidal cells (Pavlov et al. 2009 ). On a network level, tonic inhibition in interneurons has been suggested to play a role in regulating the frequency of gamma oscillations in the hippocampus (Mann and Mody 2010) . It is interesting to note that the generation of gamma oscillations depends on the ability of interneurons to synchronize the spike timing of principal neurons, which is dependent on phasic GABAergic inhibition (for review see Mann and Paulsen 2007) . The data presented in this article demonstrate a critical role for tonic inhibition of interneurons in the regulation of neuronal excitability of principal neurons and in this way may also affect network function. Future studies will investigate the impact of the loss of tonic inhibition in interneurons on network function.
Previous studies demonstrated that the tonic inhibition of SR interneurons was sensitive to modulation by benzodiazepines and concluded that tonic inhibition in SR interneurons is not mediated by GABA A R ␦-subunit-containing receptors . Other studies suggest that interneurons in the dentate gyrus, including ML interneurons and fast-spiking basket cells, express the GABA A R ␦-subunit Yu et al. 2013 ) and are regulated by GABA A R ␦-subunit-mediated tonic inhibition (Glykys et al. 2008; Yu et al. 2013) . Our results suggest that both ML and SR interneurons are regulated by GABA A R ␦-subunit-containing receptors (Figs. 4 and 5) . However, the pharmacological profile of the GABAergic regulation of ML and SR interneurons was not directly tested in this study. Given that the majority of the tonic current measured in ML and SR interneurons is largely mediated by GABA A R ␦-subunit-containing receptors (Figs. 4 and 5), it is likely that other GABA A R subtypes confer benzodiazepine sensitivity. Additional studies are required to elucidate the exact GABA A R subtypes involved in regulating hippocampal interneurons and the pharmacology of these receptors. However, the findings presented in this article clearly demonstrate a role for GABA A R ␦-subunit-containing receptors in the regulation of ML and SR interneurons ( Figs. 4 and 5) . There are bursts of sIPSCs observed in DGGCs and CA1 pyramidal neurons resulting from a loss of the Gabrd gene in GAD65-positive interneurons (Fig. 7) . These bursts of sIPSCs likely result from synchronous release of GABA due to disin-hibition of interneurons in Gabrd/Gad mice. The mechanism underlying the generation of these bursts of IPSCs is interesting and requires further investigation. It is worth noting that these bursts of sIPSCs look remarkably similar to those reported in DGGCs in Thy-1 knockout mice (Hollrigel et al. 1998) . Although the connection between Thy-1 knockout mice and the loss of tonic GABAergic inhibition in interneurons is unclear, the resemblance of the sIPSC bursts in each of these mouse models is striking. Similar to the conclusions drawn by Hollrigel et al. (1998) , we propose that these bursts of sIPSCs may arise from either a burst of action potentials in an individual presynaptic interneuron or the recruitment and synchronization of a network of interneurons. Future studies are required to determine the underlying mechanisms responsible for the generation of the bursts of sIPSCs as well as the functional relevance. However, it does appear that the loss of tonic GABAergic currents in interneurons is sufficient for the manifestation of sIPSC bursts in both CA1 pyramidal neurons and DGGCs (Fig. 7) . demonstrates a loss of tonic GABAergic inhibition in ML and SR interneurons, suggesting that there is no compensatory increase in tonic currents in these neurons. This unique mouse model will enable us to tease out the role of tonic vs. phasic GABAergic inhibition, further clarifying the necessity for these two distinct forms of inhibition in the central nervous system. Furthermore, the ability to knockout Gabrd at different time points will minimize the compensatory changes observed in other knockout mouse models with a loss of GABA A R ␦-subunit expression (Brickley et al. 2001; Glykys et al. 2008 ). The generation of this floxed Gabrd mouse model provides a useful tool for investigating the role of extrasynaptic GABA A Rs in health and disease.
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